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Synopsis
A preliminary experiment of computer-generated Fourier transformation hologram was performed
using a liquid crystal spatial light modulator (LCSLM) which can be used in a real-time operation. A
LCSLM panel was taken out from a commercially available LCD data projector and was used as an
amplitude modulator for Fourier transformation. This panel, He-Ne laser, lenses, and polarizers were
assembled into a Fourier transformation optical system. After the addition of random phase, a Fast Fourier
Transformation of original image data was performed. Four kinds of encoding method were tested to
produce computer-generated holograms. These holograms were displayed on the LC panel. Optically
reconstructed images were obtained by He-Ne laser light. The quality of the reconstructed image was
evaluated.
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Introduction
In recent years, optical data processing using liquid crystal spatial light modulator (LCSLM) have
been actively studied. The LCSLM have the advantage of real-time operation. Optical computing systems,
optical correlator, and real-time holograms using inexpensive SLM such as LCTV have been proposedl)
In this paper, a preliminary experiment of computer holography2).3),4) using LC panel is reported. An
LC panel was taken out from a data projector. This panel, He-Ne laser, lens, and polarizer were assembled
into a Fourier transformation optical system, and an image reconstruction experiment was performed.
There are two types of hologram, one is the amplitude-type hologram, the other is the phase-type
hologram. Our research is on the amplitude-type Fourier hologram because the LC panel used here is an
amplitude modulator. After addition of random phase, a Fast Fourier Transformation of original image
data was performed. To obtain hologram pattern, four encoding methods were applied. Obtained
holograms were produced as BMP files of gray-level data with 256 gray-levels or binary data.
Optical reconstruction from these holograms was made and the quality of the reconstructed images
was evaluated. The encoding methods for Fourier holography, the effect of random phase, and the spatial
light modulation property of the LC modulator were described.
Experimental Setup
The LC panel for the display of holograms was taken out from a commercially available LCD data
projector (SONY,VPL-V500QJ) which uses three LC panels for three primary color light. The size of a
panel is 1.3 inch and its resolution is 640 X 480 pixels in the display area. The pixel size is about 40 Jl m X
40 J1 m.
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Fig. 1 LC panel and polarizer
The LC panel taken out from the projector was fixed on the projector as shown in Fig.l. This panel,
camera lenses and polarizer were assembled into a Fourier transformation optical system.
Figure 2 shows the diagram of the system for image reconstruction. Hologram pattern was displayed
on the LC panel conne~ted to the output of personal computer. An expanded collimated beam of He-Ne
laser illuminates the LC panel through a objective of micro-scope and a close-up lens (f=330mm). The
Fourier transformation image of the beam through a polarizer and a close-up lens (f=500mm) was
obtained in a Fourier plane. The image in the plane was taken directly using a CCD cameraS).
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Fig. 2 Experimental setup
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The hologram patterns displayed on the LC panel were produced by encoding the numerical data
obtained by FFT in four ways. Original images and hologram patterns were produced as BMP files of
Windows so that the production and the display become easy.
Encoding of Holograms
Our research is on Fourier transformation holograms. Therefore the hologram patterns of the original
image were computed with FFT. Holograms were produced as three kinds of gray-level holograms and a
binary one by encoding the numerical data. Original images and holograms are BMP files with 512 x 512
pixels with the file size of about 260KB. A program which computes the hologram patterns from original
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image was written in Visual C++6). The calculation of a hologram pattern took about 10, second with a
personal computer of Pentium 200MHz. Here the four encoding methods of hologram calculation are
explained.
Object wave and reference wave are depicted as 0 = A ·exp (i B), R = r·exp (i ¢), respectively, where
A and Bstand for amplitude and phase of object ·wave, and rand ¢ stand for amplitude and phase of
reference wave. The object wave in Fourier holography corresponds to the calculated data by FFT of
original image. Four types of the holograms are described, where elements of hologram patterns are HI,
H2, H3, H4(0~Hi::;l, i=I,2,3,4), respectively.
Type 1: Gray-level hologram of standard way
The hologram pattern of type 1 was encoded by computing the interference pattern of object
wave and reference wave. It is represented by the equation (1), which is same as a standard
hologram. The numerical data was normalized with the equation (2) and recorded as a 256 gray-
level data, where I, Imax , Imin , is the intensity of the interference fringe, its maximum value, and
its minimum value respectively. The amplitude of reference wave was set to the maximum value
of the amplitude of object wave, which gave the best image reconstruction.
1= 10 + RI 2 =10 12 + IRI 2 + O·R + OR· = 10 12 + IRI 2 + 2Arcos(8-;)
H _ I -Imin
1- I max - l min
(1)
(2)
Type 2: Gray-level hologram using real part of FFT
The hologram pattern of type 2 was encoded without the non-desired component of the zero-th
order light in equation (1). So it is described as equation (3). The data was normalized with the
equation (4), and recorded as gray-level data. This hologram type corresponds to the real part of
FFT with the reference wave normal to the recording plane.
I-I.H- mm2 - I max -Imin
(3)
(4)
(5)
Type 3: Binary hologram using phase data of FFT
The hologram pattern of type 3 was encoded as binary data by using the phase data obtained
from FFT. Since the data is binary it is not necessary to compute the value of phase B. The
sign of cos B in real part of FFT shows whether the phase is between 0 and 1t or between 1t: and 2
1C. Therefore, the hologram pattern was encoded as described by the equation (5). The same
result was also obtained by using sin B of the imaginary part of FFT.
{
l cos(}~O
H3= o coS(}<O
Type 4: Gray-level hologram using phase data of FFT
The hologram pattern of type 4 was encoded as gray-level data using the phase data obtained
from FFT. It is described by the equation (6). The coefficient 1/2 is a normalization factor. The
same result is also obtained by using sin e instead of cos B .
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1H4 =-(l+cosO)2
(6)
Experimental Result
In the production of a hologram, binary data or gray-level data with 256 gray-levels were used as an
original image. The binary data is described at first.
Figure 3 shows the original image of binary data of "CGH". The letters were positioned at the upper
Fig. 3 Original image (binary data)
right region so that the plus and minus first order diffracted lights from the hologram do not overlap each
other. Holograms were produced from this original image with the four encoding methods as mentioned
before. Random phase was added to the original data before computing FFT since the intensity of the dc
and low frequency spectrum are much larger than that of high frequency spectrum when the random phase
was not added. The reference wave was set to normal to the hologram plane. The holograms produced by
the four encoding methods are shown in Fig.4 (a), (b), (c), (d), respectively. The hologram of type I is
somewhat dark since the reference wave with the constant amplitude interferes with the object wave. The
hologram of type 2 is brighter than that of type I and the contrast looks low. This is because the hologram
pattern of type 2 does not have the reference wave component but has the component of cos B , which
distribution is symmetric. The hologram of type 3 has the high contrast because it is a binary hologram.
With regard to the hologram of type4, its contrast looks high similar to type3.
These holograms were displayed on the LC panel, and optically reconstructed images were obtained
in the optical system shown in Fig.2. In optical reconstruction, the first, the second, and the higher order
diffracted light were obtained horizontally and vertically because of the pixel structure of the LC panel.
Since the reconstructed image around the (0,0) order light has too strong intensity, the image around the
(2,1) order light was taken. The CCO camera without lens was positioned at the Fourier plane7).
Image screen was not used to minimize the speckle. The size of the reconstructed image was adjusted
by changing the focal length of the lens so that the image becomes smaller than the size of the CCO. The
brightness was adjusted by a rotating polarizer in front of the CCO.
Figure 5 (a), (b), (c), (d) show the reconstructed images obtained from the above four holograms. The
reconstructed images of type 1, 2 are dark compared to those of type 3, 4. The quality of type 1, 2 images
is almost the same and the speckles around them look a few. Although the reconstructed images of type 3,
4 are quite bright and many speckles are seen around the characters.
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Fig.4 Four types of computer-generated hologram
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Fig. 5 Reconstructed images
Next, the gray-level data is described. The original image is shown in Fig.6. After the addition of
random phase, four holograms were produced as well as the binary data. The characters of these
holograms were same as those shown in Fig.4. Figure 7 (a), (b), (c), (d) show the reconstructed images.
The reconstructed images obtained from the hologram of type 1, 2 is dark compared to those of type 3, 4.
The speckles around them are few, but the detail is not clear. The images from type 3, 4 are quite bright,
but they also have many speckles and the detail is not clear either.
Fig. 6 Original image (gray-level data)
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Fig.7 Reconstructed images
Discussions
A computer simulation experiment was also performed to reconstruct the image. In the computer
simulation, the reconstructed images obtained from the holograms of type 1, 2 look qualitatively better
than those of type 3, 4 in which a few speckles are seen. While in the optical reconstruction shown in Fig.
5, 7, the reconstructed images of type 3, 4 are brighter than those of type 1, 2. As for their quality,
however, the qualitative difference is not seen. As the speckle determines the image quality, the coding
method makes little difference. The hologram patterns using the logarithmic values of type 1, 2 data were
also tried, which made little quality difference either.
The speckle in the reconstructed image may be due to the following.
The rough surface of the LC panel
The random phase added to the original image
The irregularity of the laser light source
The amplitude and phase modulation character of the LC panel
The encoding method or the output of holograms
The speckle which arises when the laser light illuminates the rough surface of the LC panel may be
the most important for the quality of the reconstructed image. The mean size of the speckle Il is
described by;
~ = 1.22 Aj
P
where A is the wavelength of the laser light, f is the focal length of the lens, and p is the diameter of the
aperture. On the other hand, The size I of the reconstructed image obtained in the Fourier plane is given
by;
1= AI
d
(8)
where d is the pixel pitch of the aperture. Then if N is depicted as the pixel number of the aperture, p is
referred to d by P ~ N · d
To reduce the speckle size caused by the rough surface, it is necessary to reduce the wavelength of
the laser light or the focal length of the lens, or to increase the resolution of the reconstructed image, that
is, to enlarge the diameter of the aperture in the equation (7) or to reduce the pixel pitch of the aperture in
the equation (8), then the size of the reconstructed image can be adjusted by changing the focal length of
lens. However, since the size P of the aperture and the pixel pitch d of the present LC device is fixed, the
improvement of the image quality is not possible in the present optical system.
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An application to a two dimensional holography movie I
The best advantage using a LC panel is the possibility of real-time operation. A simple experiment of
a two dimensional holography movie was tried8),9). The holograms of type 3 were produced from the eight
original images of a binary data. The two-dimensIonal moving image was reconstructed in the Fourier
plane continuously by displaying these holograms on the LC panel.
Conclusion
A LCSLM panel was taken out from a commercially available LCD data projector. This panel, He-Ne
laser, and lens were assembled into a Fourier transformation optical system. A preliminary experiment of
computer holography was performed where an LC panel was used as an amplitude modulator. After
addition of random phase, the hologram pattern of an original image was computed with FFT. Four
methods were applied to produce the holograms, which were stored as BMP files. These holograms were
displayed on the LC panel, and optical reconstruction experiment was performed using He-Ne laser. All
of the optically reconstructed images from those four holograms include many speckles, which is caused
by the rough surface of the LC panel. So it was hard to compare the quality of the reconstructed images. A
preliminary experiment of two dimensional holography movie .was also performed.
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